Parafollicular (PF) cells of the thyroid gland are neural crestderived endocrine cells that secrete calcitonin (Pearse, 1966; Bussolati and Pearse, 1967) . During development (Gershon et al., 1971) , and in several species also in adults (Falck et al., 1964; Jaim-Etcheverry and Zeiher, 1968; Gershon and Nunez, 1970; Nunez and Gershon, 1972; Machado, 1976) , PF cells costore large amounts of 5-HT with calcitonin in the same subcellular secretory vesicles (Barasch et al., 1987a) . Adult PF cells are quite plastic. When isolated and exposed to NGF, or cultured under appropriate conditions, they extend neuritic processes, express neurofilament protein, and change alternative splicing of mRNA transcribed from the calcitonin gene so that they synthesize calcitonin gene-related peptide (CGRP) instead of calcitonin (Barasch et al., 1987b) . Medullary thyroid carcinoma (MTC) is a human tumor derived from PF cells (Leong et al., 198 1) . MTC cells in culture express many of the differentiated characteristics of PF cells, including synthesis and storage of calcitonin, CGRP, and 5-HT (Tamir et al., 1989) . In contrast to PF cells, MTC cells do not have NGF receptors and so do not respond to NGF, however, when grown in the presence of lower than optimum concentrations of serum, MTC cells extend net&es, synthesize neurofilament proteins, and increase biosynthesis of CGRP (Tamir et al., 1989) .
MTC cells can be used as models of serotonergic neurons (Tamir et al., 1989) . Shared properties include synthesis of 5-HT from L-tryptophan, the uptake of exogenous 3H-5-HT by a high-affinity saturable transport mechanism that can be inhibited by fluoxetine or zimelidine, and secretory vesicles that accumulate 5-HT by a mechanism that depends on a reserpinesensitive transporter. Finally, the secretory vesicles of MTC cells, like synaptic vesicles of serotonergic neurons, contain a highly specific 5-HT-binding protein, SBP (Barasch et al., 1987b; Tamir et al., 1989) . As is also true of serotonergic neurons Kirchgessner et al., 1988) both 45-kDa and 56-kDa forms of SBP can be detected in MTC cells; the relative amounts of the 2 forms, 45 kDa SBP > 56 kDa SBP, resemble the proportions seen in enteric serotonergic neurons and CNS synaptosomes rather than those found in the cell bodies of serotonergic neurons in the nuclei of the median raphe.
The current study was undertaken in order to study factors 
Materials and Methods
Tissue culture. MTC cells were propagated in culture as described previously (Tamir et al., 1989) . Briefly, MTC cells were grown in 20 x loo-mm polystyrene tissue culture dishes (4 x lo6 cells/dish) or, for immunocytochemical studies, on glass coverslips (Coming, NY). Cells were grown in RPM1 medium 1640 supplemented with 2 mM L-glutamine, 100 U penicillin, 100 pg streptomycin/ml, and 15% fetal bovine serum (FBS), all purchased from Gibco Laboratories (Grand Island, NY). After 1 week in vitro, the cells were harvested with 0.05% trypsin and 0.02% EDTA in PBS and, after inactivation of the trypsin with serum, were washed twice with PBS.
Assay of 5-HT and 5-HIAA. The assay is a slight modification of Mayer and Shoup (1983) and Kalivas and Miller (1985) . In brief, aliquots of the media in which the cells were grown were acidified with 0.1 M trichloroacetic acid (TCA), 0.1% cysteine (as an antioxidant), 0.0 1 M sodium acetate, and 18% methanol (TCWcysteine buffer; pH, 3.9). Harvested cells were pelleted, then homogenized with a PolytronO in the TCA/cysteine buffer. The homogenate was centrifuged for 5 min at 15,000 x g. The concentrations of 5-HT and 5-hydroxyindole acetic acid (5-HIAA) in aliquots of the supematant were measured by reversephase high-pressure liquid chromatography (HPLC) using the above buffer as a mobile phase at a flow rate of 1 ml/min. The electrochemical detector was set at 0.7 V. cells were maintained in Hanks' salts to which no Ca2+ was added. TO Secretion of 5-HT. Media was changed 24 hr before the secretion of 5-HT was to be investigated. Just prior to addition of a potential secretogogue, the medium was aspirated from the dish, and monolayers were rinsed with Ca2+-free minimal essential medium (MEM with Hanks' salts; Gibco Laboratories). The cells were then incubated at 37°C in 5 ml MEM containing 3.0 mM CaCl,, for varying periods of time in the presence or absence-of a secretogogue. In experiments where the effect of Caz+-free media on the stimulated release of 5-HT was studied, MTC was measured as pmol 5-HT secreted per dish; the number of cells per dish was determined to be 3-4 x 106.
Pool of 5-HT released by dibutyryl-CAMP. In order to determine whether newly taken-up 5-HT is preferentially secreted the cells were loaded with 3H-5-HT (0.5 PM, 12 Ci/mM; Amersham, Arlington Heights, IL) for 1 hr in MEM containing 3 mM CaCl,. The cells were then washed with PBS and exposed to dibutyryl-CAMP (1 mM). The concentrations of 5-HT and 5-HIAA were measured in the cells and in the ambient medium using HPLC with electrochemical detection as described above. The 3H-5-HT and 3H-5-HIAA content of cells and media were also determined by counting HPLC fractions, and the specific radioactivity of released 5-HT was calculated.
Effect ofdibutvrvl-CAMP on the uotake of3H-5-HT. Monolavers were preincubated in'the presence or absence of dibutyryl-CAMP (1 .O mM) for 4 hr at 37°C followed by the addition of )H-5-HT (0.5 PM, 12 Ci/ mM) for 2, 5, 10, and 60 min. In control experiments, the cells were incubated with 'H-5-HT at 4°C. To stop the reaction, the pellets were washed twice with PBS, homogenized in TCWcysteine buffer with a PolytronO, and centrifuged (10,000 x g, 5 min). The supematants were counted by liquid scintillation.
Effect of dibutyryl-CAMP on activity of MAO. The activity of MAO was-measured using 5-HT as a substrate (Shie and Eiduson, 1973 ) so as to ontimallv assav MAO-A. MTC cells contain MAO-A. but little or no MAO-B (Tamir et al., 1989) . Cells pretreated with dibutytyl-CAMP (1 mM, 4 hr, 37°C) were harvested, homogenized, and subjected to differential centrifugation and fractionated to prepare a crude mitochondrial pellet, which was used for determinations of enzymatic activity.
detection. Fractions (0.5 ml) were also collected into vials and counted by liquid scintillation spectrometry.
Effect of dibutyryl-CAMP on 5-HT biosynthesis. Tryptophan hydroxylase activity was measured by studying the conversion of )H-L-tryptophan to 'H-5-HT.
Because fetal bovine serum contains both tryptophan and 5-HT, cells (4 x 106) were suspended for the measurement of tryptophan hydroxylase in a low-serum-containing medium (NUO serum, Collaborative
Research, Lexington, MA) supplemented with insulin, transferrin, selenium, and linoleic acid (ITS@ Premix, Collaborative Research). Cells were incubated at 37°C for 2, 4, and 8 hr with 3H-L-tryptophan (25 PM, 50 Ci/mM; Amersham), 6,7-dimethylpteridine (5 go; Sigma), and pargyline (25 PM; Sigma) in the presence or in the absence of dibutyryl-CAMP (1 mM). Aliquots were removed from the media for measuring how much 'H-5-HT was released during the course of the incubation. At the end of each experiment, cells were harvested, washed twice with PBS, and homogenized in TCA/cysteine buffer. The homogenate was centrifuged (15,000 x g, 5 min). 3H-5-HT and 3H-5-HIAA in the supematant and the media in which the cells were grown were separated from 3H-L-tryptophan by HPLC. The mobile phase used for HPLC in this experiment consisted of 0.1 M NaH,PO,, 0.1 mM Na,EDTA, and 6% methanol (pH, 3.0; adjusted with phosphoric acid). This solvent system was used at a flow rate of 1.1 ml/min.
The concentrations of 5-HT and 5-HIAA were determined by electrochemical test the effect of Ca2+ on the resting release of 5-HT, the cells were maintained in 5 ml MEM to which 50 UM EGTA was added ("zero" [Ca*+]?; < 1.3 nM). Alternatively, the resting release was tested in solutions containing 3 mM CaCl, in the presence or absence of 3.0 mM CoCl,, to block the uptake ofCaZ+. In experiments where the dependence of 5-HT secretion on protein synthesis was examined, cells were pretreated with cycloheximide (20 &ml; Sigma Chemical Co., St. Louis, MO) or anisomycin (20 PM; Sigma) for 30 min at 37°C. In order to investigate the ability of CAMP to induce secretion, cells were exposed to the permeant derivatives, N6,2'-0-dibutyryladenosine 3':5'-cyclic monophosphate (dibutyryl-CAMP, 1 mM; Sigma) and 8-bromo-CAMP (Sigma). Both were dissolved in sterile medium immediately prior to use. Further experiments were performed with a water-soluble forskolin derivative [forskolin 7-deacetyl-7-(4-methylpiperazino)-butyryloxydihydrochloride.H,O, 0.05 mM; Calbiochem, City, CA], which was dissolved in sterile water and added to cells together with 3-isobutyl-lmethyl xanthine (IBMX; 1 mM; Sigma). Cholera toxin (1 .O &/ml; List Biol. Lab. Inc., Campbell, CA) was dissolved in H,O. TSH (So-500 mu/ml; Sigma) was dissolved in PBS. In some experiments, the cells were preincubated with a monoamine oxidase inhibitor (pargyline; 10 FM, Sigma) 30 min before studying the secretion of 5-HT. Following the addition ofa potential 5-HT-releasing agent, an aliquot was removed from the medium and acidified, and its 5-HT and 5-HIAA contents were measured. At the end of each experiment, cells were rinsed thoroughly and harvested for cell counting. Alternatively, cells were acidified with TCA for assay of residual 5-HT and 5-HIAA. The release of 5-HT CAMP measurements. MTC cells were grown in 6-well dishes (5 x lo5 cells/well). Following incubation with secretogogues for 20 min at 37°C in the presence of IBMX (1 mM), the media was removed, and CAMP was extracted overnight at 4°C in 1.0 ml 70% ethanol. The ethanolic extract was evaporated to dryness under N, at 60°C. The residue was then resuspended in 150 ~1 assay buffer. CAMP was measured by radioimmunoassay, using a commercial kit (Amersham). Each sample was assayed in duplicate. Intraassay and interassay variation was less than 5% and lo%, respectively. Protein content was measured in the ethanol-extracted cells, remaining on the plates on which they were grown. Cells were solubilized with NaOH (0.4 ml, 0.05 M), and protein was determined calorimetrically (Bradford, 1976) . In control experiments, a rat follicular cell line (FRTL-5 strain; Ambesi-Impiombato et al., 1980) supplied by Dr. Silvana Obici (Howard Hughes Medical Institute, Columbia University) was used. The FRTL-5 cells (4 x IO? were arown in Dulbecco's MEM (DMEM) SUDDlemented with 5% calf serumand hydrocortisone (10 nMj, transfer& (5 Kdrnl), glycyl-Lhistidyl-L-lysine acetate ( 10 t&ml), somatostatin ( 10 &ml), insulin ( 10 &ml), and TSH (2.5 mu/ml; Gibco) for 5 d. The cells were washed and maintained in the same medium without TSH for another 2 d. Cells were then treated with TSH (50 mu) for 20 min, and the levels of CAMP were measured as described above.
Determination of cytosolic Caz+ using Fura-2. MTC cells (2 x 106/ ml) were suspended in Hanks' solution (without added Ca*+) containing BSA (0.05%) and the acetoxymethyl ester of Fura-(Fura-2/AM; 5.0 The data represent an average of 3 separate experiments; errors represent too small a fraction of the mean to illustrate graphically.
PM;
Molecular Probes, Junction City, OR) at 37°C for 30 min (Grynkiewicz et al., 1985) . The cells were then washed twice, diluted 5-fold in the same medium, and incubated for additional 20 min at 37°C. After 1 further wash, the cells were suspended in Hanks' solution at a density of 2 x 106/ml. For [Ca*+lZ measurements, the cell suspensions were placed in cuvettes and stirred. Fura-was excited with light at 380 and 340 nm. The experimentally determined 340:380-nm fluorescence ratio is referred to as R. The maximum fluorescence ratio (Rm3 was measured after lysing the cells at the end of the experiment with digitonin (50 KM; Sigma) and adjusting the [Ca2+]@ levels to 1.5 mM. The-minimum Au: orescence ratio (R,..) was measured after the addition of EGTA (10 mM; Sigma) and enough Tris base (1 M) to adjust the pH to 18.2. The 340:380-nm ratios were converted to free Ca2+ concentrations, [Ca*+],, by using the equation of Grynkiewicz et al. (1985) .
Furu-2 imaging. The effect of TSH on [Ca*+], in individual MTC cells was studied using optical imaging of cells loaded with Fura-2. In these experiments, the cells were grown on glass coverslips and were not detached prior to loading with Fura-(as described above). The apparatus used for recording intracellular Ca2+ has previously been described (Blumenfeld et al., 1990) . In brief, cells were visualized with a Zeiss IM-35 inverted microscope fitted with a Hamamatsu C2400 SIT camera. Fluorescence images were digitized and analyzed using a PC Vision frame grabber and a Del personal computer. The computer was also used to control the filter changer and shutters. Ratio measurements were performed by switching excitation wavelength bandpath filters (340 and 380 nm) and recording the emitted fluorescence at 505 nm. Relative calcium concentrations were depicted as pseudocolor images. No attempt was made to convert the data to absolute values of [Ca2+],. Pseudocolor representations were displayed on a high-resolution TV monitor (Sony) and photographed.
Electron microscopic immunocytochemical demonstration of calcitonin, 5-HT, and SBP. This was performed as previously described (Barasch et al., 1987b) . In brief, MTC cells were fixed for 3 hr at 4°C in a mixture consisting of 4Oh formaldehyde and 0.1% glutaraldehyde in 0.1 M sodium phosphate buffer (pH, 7.4) containing 3% sucrose and embedded in the hydrophilic resin LR White (Ernest Fullam, Schenectady, NY). Thin sections were immunostained with a rat monoclonal antibody to 5-HT (50 pg/ml; Seralabs, Westbury, NY), a rabbit polyclonal antiserum to human calcitonin (Immunonuclear Corp., Sillwater, MN), or a rabbit polyclonal affinity-purified antibody to 45-kDa SBP (Barasch et al., 1987b) . Species-specific secondary antibodies coupled to 5-nm (5-HT, goat anti-rat; Janssen Pharmaceutical Co., Bearsei Belgium) or 15-nm (calcitonin or SBP: aoat anti-rabbit) narticles of colloidal eold permitted 5-HT immunoreactivity to be visualized simultaneously &th that of calcitonin.
Immunocytochemical detection of TSH receptors. MTC cells were fixed in a solution consisting of 4% formaldehyde in 0.1 M PBS (pH, 7.4). Two monoclonal antibodies (MAbs) that have been shown to bind to rat TSH receptors were obtained. One (52A8) was supplied by Dr. Silvana Obici (Howard Hughes Medical Institute, Columbia University), and the other by Dr. Bernard Erlanger (Department of Microbiology, Columbia University). Both MAbs were diluted (1: 1) with 0.1 M PBS and applied to intact fixed monolayers of MTC cells for 2 hr at room temperature. Cells were not permeabilized.
Sites of bound antibody were localized with a biotinylated goat anti-mouse antibody (diluted 1:200-400; Kirkegaard and Perry, Gaithersburg, MD) and visualized with avidin conjugated to fluorescein isothiocyanate (avidin-FITC; Vector Laboratories, Gaithersburg, MD).
Statistical analysis. Student's t test was used to compare sample means, Unless otherwise stated, all results are presented as means & the standard error of the mean. Differences between means were considered significant if the probability that the observed difference could be due to chance was ~0.05.
Results
Eflect of dibutyryl-CAMP on 3H-5-HT release from MTC cells Cells were loaded with 3H-5-HT (0.1 PM) and washed until 3H-5-HT washing out of the cells was minimal and relatively constant. The washed cells were then incubated in the presence or absence of dibutyryl-CAMP (1 .O mM). At intervals of l-5 hr, aliquots of media were sampled and assayed to determine both the radioactivity of 3H-5-HT and 3H-5-HIAA and the total 5-HT and 5-HIAA content. At the end of the experiment, the radioactivity of 3H-5-HT and )H-5-HIAA and the concentrations of 5-HT and 5-HIAA remaining in the cells were measured. Dibutyryl-CAMP was found to increase the amount of 3H-5-HT in the ambient medium (Fig. 1A ). This apparent release of 3H-5-HT was maximal 4 hr after the addition of dibutyryl-CAMP. In contrast, no increase in the amount of )H-5-HIAA was induced by dibutyryl-CAMP (Fig. 1B) . Like dibutyryl-CAMP, S-bromo-CAMP also appeared to release )H-5-HT but not 3H-5-HIAA (data not shown). When cells were incubated with dibutyryl-CAMP, about 2.5 times as much 5-HT was recovered from the medium as was found inside the cells at the end of the incubation period. In contrast, the amount of 5-HT in the medium of cells incubated in the absence of dibutyryl-CAMP was only 0.35 times that found within the cells at the end of the experiments. This > 7-fold increase in the ratio of media 5-HT to that remaining in cells induced by dibutyryl-CAMP was highly significant (p < 0.001). In control experiments, incubated for 5 hr in the absence of dibutyryl-CAMP, the specific radioactivity of 3H-5-HT remaining in the cells was 1260 -t 190 cpm/pmol, whereas that of 3H-5-HT in the medium was 2300 f 200 cpm/pmol (p < 0.001, n = 5). In experiments in which cells were incubated for 5 hr in the presence of dibutyryl-CAMP, the specific radioactivity of 3H-5-HT remaining in the cells was 1000 f 98 cpm/pmol, while that of 3H-5-HT in the medium was 1920 * 2 10 cpm/pmol (p < 0.00 1, n = 5).
These observations suggest that dibutyryl-CAMP releases 5-HT, and that newly taken-up amine is preferentially released both under resting and dibutyryl-CAMP-stimulated conditions.
Effect of dibutyryl-CAMP on uptake of jH-5-HT by MTC cells
Because a resting release of 3H-5-HT was observed, it is conceivable that the increase in 3H-5-HT observed in the media of cells exposed to dibutyryl-CAMP was the result not of the secretion of 3H-5-HT, but of a reduction in its reuptake. The effect ofdibutyryl-CAMP (1 .O mM) on the uptake of 3H-5-HT by MTC cells was therefore determined. Uptake of 3H-5-HT was found to be linear for up to 7 min. The amount of 3H-5-HT taken up by the cells in 5 min was measured and used as an estimate of the initial rate of 3H-5-HT uptake (1.2 + 0.2 pmol/l06 cells/ min, n = 4). This rate was unchanged by preincubating the cells for 4 hr with dibutyryl-CAMP (1.4 ? 0.2 pmol/106 cells/min, n = 4). In the experiments on the release of 5-HT, it was noted that the total recovery of S-HT was 2-fold greater when preparations were exposed to dibutyryl-CAMP than when they were not (p < 0.00 1). This increase suggests that dibutyryl-CAMP stimulates the biosynthesis of S-HT. Such an effect of dibutyryl-CAMP on 5-HT biosynthesis in MTC cells has previously been found in cells grown in impoverished media (Tamir et al., 1989) ; however, under these conditions most cells die and levels of 5-HT are extremely low. In the current study, MTC cells were grown in enriched media in which cell survival is optimal. Because FBS, which contains 5-HT, is a constituent of enriched media, cells were transferred to MEM immediately before the start of experiments on the biosynthesis of 5-HT. MTC cells grown under these conditions were found to have high levels of 5-HT (5-25 pmol/106 cells) and to survive well for several hr after transfer to MEM.
The effect of dibutyryl-CAMP on the biosynthesis of 5-HT was analyzed by incubating MTC cells with )H-L-tryptophan in the presence or absence of dibutyryl-CAMP.
A preliminary experiment was performed first to ascertain whether exposure of MTC cells to dibutyryl-CAMP affected their MAO activity. MAO activity was not changed when cells were incubated in the presence of dibutyryl-CAMP for up to 4 hr (data not illustrated); therefore, any dibutyryl-CAMP-induced change in the amount of jH-5-HT in cells (and/or medium) incubated with 3H-L-tryptophan would have to be due to an effect of dibutyryl-CAMP on the biosynthesis of 3H-5-HT and not the catabolism of jH-5-HT. After 4 hr of incubation with 3H-L-tryptophan, the total 5-HT content and the amount of 3H-5-HT were each measured in the cells and in the ambient medium. 3H-5-HT synthesized from 3H-r.&yptophan was found to increase in both cells and media for 4 hr. After 4 hr in the absence of dibutyryl-CAMP, 40.3 & 8.1 pmol 3H-5-HT were found in the cells, and 9.5 f 1.2 pmol 3H-5-HT were found in the medium. When cells were exposed to dibutyryl-CAMP, 83.0 -t 8.2 pmol 3H-5-HT were found in the cells, and 42.8 * 9.1 pmol 3H-5-HT were found in the medium. Dibutyryl-CAMP thus significantly increases the biosynthesis of 3H-5-HT from 3H-L-tryptophan @ < 0.02).
Dependence of the effects of dibutyryl-CAMP on protein synthesis The involvement of protein synthesis in mediating the effects of dibutyryl-CAMP on the release and production of 5-HT by MTC cells was tested by examining the ability of cycloheximide and anisomycin to inhibit these effects. The dibutyryl-CAMPinduced increase in the release of 5-HT was found to be prevented when cells were treated with cycloheximide ( Fig. 2A) or anisomycin (not shown). Exposure to cycloheximide alone also increased the total amount of 5-HT present in cells and media (Fig. 2B) . A similar increase in 5-HT was noted when cells were exposed to anisomycin instead of cycloheximide (data not shown). The increase in 5-HT induced by cycloheximide was of the same magnitude as that which followed incubation with dibutyryl-CAMP.
When cells were incubated with both cycloheximide and dibutyryl-CAMP, the 5-HT content of cells and media was again elevated, however, the effects of cycloheximide and dibutyryl-CAMP were not additive. The rise in 5-HT following exposure to the combination of cycloheximide and dibutyryl-CAMP was comparable to that seen after exposure of cells to either of these agents alone. These observations suggest that the dibutyryl-CAMP-induced release of 5-HT from MTC cells is dependent on new protein synthesis. Because inhibitors of protein synthesis themselves appeared to increase the biosynthesis of 5-HT, no conclusions can be drawn as to the dependence of the 5-HT biosynthesis-promoting effect of dibutyryl-CAMP on protein synthesis.
Ca'+ dependence of the eflects of dibutyryl-CAMP We studied the resting and dibutyryl-CAMP-stimulated release of 5-HT from MTC cells incubated in MEM with or without added 3.0 mM Ca2+. The addition of CaZ+ to the medium had no effect on the resting release of 5-HT, however, the ability of dibutyryl-CAMP to increase the release of 5-HT to the media was dependent on the addition of Ca2+ (Fig. 3A) . In order to examine the effect of Ca*+ on the production of 5-HT, MTC cells were or were not exposed to dibutyryl-CAMP in media to which Ca2+ was or was not added, and the total amount of 5-HT recovered from the cells and medium was determined (Fig. 3B) . Addition of Ca2+ did not itself appear to affect the production of 5-HT; however, the increase in 5-HT that accompanied exposure of cells to dibutyryl-CAMP only occurred when Ca2+ was added to the medium. Media to which no CaZ+ was added was not Ca2+ free. The concentration of Ca2+ in this media was measured with a calcium electrode and was found to be 10 PM. In order to test the Ca2+ dependence of the resting release of 5-HT, therefore, the medium was titrated to 1 .O nM with the calcium chelating agent EGTA (Adlersberg et al., 1987) . This procedure reduced the release of 5-HT by 35 & 5% (p < 0.05). This observation suggests that the resting release of 5-HT is partially Ca2+ dependent. This suggestion was confirmed by adding Cd*+ (1 .O mM) to the medium. Again, the resting release of 5-HT was reduced by 35 * 5%.
Effects offorskolin and cholera toxin on the release of 5HT In order to confirm that the effects of dibutyryl-CAMP were specific, CAMP levels within MTC cells were raised by alternative means. Cells were exposed to forskolin to activate adenylate cyclase directly (Seamon and Daly, 1983). IBMX was also added to prevent the breakdown of CAMP by phospho- diesterase. Like dibutyryl-CAMP, forskolin, in the presence of IBMX, increased both the release (Fig. 4A ) and production of 5-HT (Fig. 4B) . Each of these actions of forskolin and IBMX was only seen when Ca*+ (3.0 mM) was added to the medium. Cholera toxin (Gill and Meren, 1978 ) also increased the release ( Fig. 54 ; p < 0.001, 12 = 12) and total recovery ( Fig. 5B ; p < 0.05, n = 6) of 5-HT. It is concluded that elevated levels of intracellular CAMP promote the Ca2+-dependent release and increased biosynthesis of 5-HT. The effect of cholera toxin, moreover, suggests that activation of adenylate cyclase in MTC cells is mediated by a member of the G, class of GTP-binding protein. It is not clear why cholera toxin is apparently less effective than CAMP analogs and forskolin. Similar effects of cholera toxin were obtained at concentrations of 1, 10, and 100 pg/ ml. Differences between substances may be related to differing rates at which each penetrates plasma membranes. (Barasch et al., 1988) . The ability of these secretogogues to induce 5-HT secretion by MTC cells was therefore investigated. Initial studies were performed to ascertain whether MTC cells, like parafollicular cells, have TSH receptors. This question was studied immunocytochemitally using 2 different MAbs to TSH receptors. Assymetric accumulations of immunoreactive material were found on the surfaces of most MTC cells with both of these antibodies (Fig.  6A) . A small subset of MTC cells lacked immunoreactivity. Immunoreactivity was not apparent when cells were exposed to an unrelated MAb as a control (Fig. 6B ). Because these observations indicated that most MTC cells do indeed have TSH receptors, additional studies were carried out to determine whether TSH stimulates MTC cells to secrete 5-HT. The cells were exposed to TSH for 10 min. TSH increased the rate of 5-HT release in a concentration-dependent manner (Fig. 7) . This action of TSH was Ca2+ dependent. The ability of increased [Ca*+] , to act as a 5-HT secretogogue in MTC cells was investigated similarly. When [Ca2+le was elevated, the rate of release of 5-HT from MTC cells increased (Fig. 8) . If the release of 5-HT at a [Ca2+], of 0.01 mM is taken as the baseline, then the release of 5-HT was increased by 33% (p < 0.01) at a [Caz+], of 3.0 mM and by 100 f 10% 0, < 0.005) at a [Ca*+], of 7.0 mM. 5-HT secretion was also found to be stimulated by increasing the [K+] , to 56 mM (30 + 4%; p < 0.01). The release of 5-HT induced by elevating [K+] , was comparable to that which followed addition of TSH. These data provide evidence that both TSH and [Ca2+], act as secretogogues for MTC cells as they do for PF cells. The data also suggest that secretion by MTC cells may also be stimulated by depolarization with K+.
Eflect of TSH and elevated [Ca'+/, on the intracellular level of CAMP While TSH has been demonstrated to increase [Ca2+ji in PF cells (Barasch et al., 1988) , the effects of neither TSH nor [Ca2+le have previously been determined on levels of CAMP either in the parent PF cells or in MTC cells. MTC cells were therefore exposed to TSH (50 mu/ml) or 7.0 mM [Ca2+], for 20 min at 37°C Figure 6 . MTC cells display TSH receptor immunoreactivity. A, Cells were exposed to MAb 52A8, which reacts with rat TSH receptors. Bright patches of immunofluorescence are seen asymmetrically distributed on the surfaces of many ofthe cells. B, Control: Cells were exposed to an unrelated MAb. Only background fluorescence can be observed. Scale bars, 30 pm.
and CAMP levels were measured by radioimmunoassay. These contrast, forskolin (0.1 mM) produced a 7.2-fold increase in the concentrations of the secretogogues each induced a brisk secrelevel of CAMP. The ability of TSH to increase CAMP was intion of 5-HT (Figs. 7, 8) . Neither the addition of TSH nor the vestigated in a follicular cell line as a positive control (Bastomelevation of [Ca2+] , raised the concentration of CAMP in MTC sky and McKenzie, 1967). As expected, TSH increased CAMP cells from its basal level (2.2 f 0.2 pmol/well; Fig. 94 . In in the follicular cells (Fig. 9B ). (Fig. lOC,D) . In order to determine whether the TSH-induced increase in [Ca*+]# was due to the release of Ca*+ from an intracellular source or to Ca2+ entry from 0.01 3 7
[Ca2+],,mM [Cal+], appeared not to be mediated by CAMP, because no change in [Ca2+], was noted after addition of dibutyryl-CAMP (1 .O mM).
Location of 5-HT, 45-kDa SBP, and calcltonin immunoreactivitles In the secretory granules of MTC cells In the parent PF cell, 5-HT, 45-kDa SBP, and calcitonin are all located in secretory granules. Experiments were therefore carried out to see if the same relationship holds for MTC cells. Colocalization of each of these substances in the same secretory granules would indicate that all 3 would probably be simultaneously released from the cells by secretogogues. The immunoreactivities of 5-HT, 45kDa SBP, and calcitonin were visualized with colloidal gold on material embedded in a hydrophilic resin. Because the antibodies to 5-HT and calcitonin were raised in different species, 5-HT immunoreactivity was demonstrated simultaneously with that of calcitonin using species-specific secondary antibodies and different-sized particles of colloidal gold. 5-HT and calcitonin were found to be colocalized in the same secretory granules (Fig. 11A) . Calcitonin immunoreactivity was more intense than that of 5-HT. SBP immunoreactivity was not studied simultaneously with 5-HT immunoreactivity because SBP immunostaining was found to be blocked when sections were exposed to antibodies to 5-HT. Nevertheless, like 5-HT and calcitonin immunoreactivities, 45-kDa SBP immunoreactivity was confined to secretory granules (Fig. 11 B) . Discussion MTC cells were used as a neuronally relevant model system to study mechanisms involved in regulating the storage and release of 5-HT. MTC cells were previously demonstrated to contain 5-HT and to synthesize it from tryptophan (Tamir et al., 1989) . The intracellular site of 5-HT storage in MTC cells has not heretofore been directly demonstrated, though the reserpine sensitivity of the 5-HT storage mechanism in MTC cells suggested that intracellular 5-HT might be concentrated in vesicles. In both PF cells (Barasch et al., 1988) , the parent cell from which the MTC line is derived (Leong et al., 1981) and serotonergic neurons (Tamir and Gershon, 1979; Gershon et al., 1983) , 5-HT is stored in vesicles together with 45-kDa SBP. 5-HT and calcitonin immunoreactivities are colocalized in dense-cored granules in MTC cells: double-label immunocytochemistry with 2 sizes of colloidal gold particles. A, Calcitonin immunoreactivity is visualized with 5-nm and 5-HT immunoreactivity (arrows) is visualized with 1 S-nm particles of colloidal gold. Membranes are not seen because the preparation has not been exposed to osmium tetroxide. All granules show calcitonin immunoreactivity, and about 25% also display the immunoreactivity of 5-HT. Scale bar, 1 .O pm. n, nucleus. Inset, A doubly labeled granule is shown at higher magnification. The 15-nm gold particles indicating 5-HT immunoreactivity are shown by the arrows. Scale bar, 0.2 pm. B, SBP immunoreactivity. Immunoreactivity (arrows) visualized with 5-nm particles of colloidal gold is confined to granules. Scale bar, 0.2 pm.
5-HT storage organelles is not clear; however, the presence of the protein establishes that the secretory vesicles of MTC cells are neurectodermal in type. SBP is found only in 5-HT-storing cells that are embryologically derived from the neural tube (serotonergic neurons of the CNS) or crest (enteric serotonergic neurons and PF cells). Cells that store 5-HT but are derived from embryonic mesoderm (platelets, mast cells) or endoderm (enterochromaffin cells) lack SBP (see Gershon and Tamir, 1985) . Like the secretory granules of PF cells (Barasch et al., 1988) , the secretory vesicles of MTC cells also contain the immuno-reactivity of the peptide calcitonin; therefore, these cells retain endocrine characteristics.
PF cells secrete in response to exposure to TSH (Barasch et al., 1988) or elevations of [Ca"], (Hirsch and Munson, 1969; Gershon et al., 1978) . These secretogogues were therefore used to try to evoke the secretion of 5-HT by MTC cells. Both TSH and elevated [Ca2+] , were found to induce MTC cells to release 5-HT. In each case, 5-HT secretion was Ca2+ dependent and associated with a rise in intracellular free CaZ+; therefore, MTC cells are evidently capable of releasing 5-HT by exocytosis. Secretion of 5-HT by MTC cells was also induced by treatments that elevate intracellular levels of CAMP, including exposure of cells to dibutyryl-CAMP, 8-bromo-CAMP, cholera toxin, or forskolin. Again, the release of 5-HT was Ca2+ dependent. MTC cells have also been shown to release calcitonin in response to increased intracellular CAMP (deBustros et al., 1986) . Because 5-HT and calcitonin are stored in the same vesicles, exocytosis would be expected to lead to their parallel release. The current observations thus are compatible with those of previous studies. Despite the effectiveness of CAMP in inducing the secretion of 5-HT by MTC cells, neither of the physiological secretogogues, TSH nor increased [Ca*+],, raised intracellular levels of CAMP. These observations thus support the idea that Ca2+, but not CAMP, serves as a second messenger in stimulus-secretion coupling for each of the 2 natural secretogogues. Furthermore, because TSH was unable to cause a rise in [CaZ+] , in the absence of extracellular Ca*+, it seems likely that the secretogogues act by increasing the influx of Ca*+ into MTC cells, and not by releasing Ca*+ from an intracellular compartment. Like TSH and elevated levels of [CaZ+lo increasing [K+] , stimulated secretion of 5-HT and a rise in [Ca2+] , in a subset of MTC cells. Increased [K+] , is likely to act by depolarizing cells. Its ability to provoke secretion and a rise in [CaI] , thus suggests that there may be voltage-gated Ca2+ channels in the plasma membrane of MTC cells. TSH has also been shown to increase [Ca*+], in FRTL-5 rat thyroid cells independently of the effect of the hormone on CAMP (Corda et al., 1985) .
Studies ofthe specific activity of )H-5-HT indicated that MTC cells preferentially release newly taken-up amine. The preferential release of newly taken-up biogenic amines is commonly seen in monoaminergic neurons. It has been encountered, for example, in studies of the neuronal secretion of both norepinephrine (Geffen and Jarrott, 1977) and 5-HT (Hery et al., 1979; Gershon and Tamir, 198 1) . The phenomenon has never been adequately explained. It may be due to the concentration of vesicles subject to exocytosis near the plasma membrane of neurons (or MTC cells), where they become selectively exposed to 3H-amine entering cells as a result of transmembrane transport. In fact, 3H-norepinephrine, newly taken up by cardiac sympathetic nerve terminals, is preferentially located in a peripheral ring of synaptic vesicles situated closest to the plasma membrane of axonal varicosities (Gershon et al., 1974 ). In contrast to )H-5-HT, 3H-5-HIAA was not secreted from MTC cells in response to raising intracellular concentrations of CAMP. It is therefore most likely that only 5-HT and not its metabolite is located in vesicles and subject to exocytosis.
When the secretion of 5-HT was induced by raising intracellular levels of CAMP, the release of the amine could be antagonized by 2 different inhibitors of protein synthesis, cycloheximide and anisomycin. It is not entirely clear why the secretion of 5-HT should be dependent on protein synthesis. It should be noted, however, that the time course of 5-HT secretion induced by elevators of CAMP was extremely long. The effect was measured over a period of 34 hr. It is possible that protein synthesis is required for the production of new membrane protein. Conceivably, the maintenance of an increased rate of exocytosis for a long time involves considerable membrane turnover. For example, the secretion of chylomicrons by intestinal epithelial cells, another exocytotic event that continues for a comparably long duration, is also known to be dependent on new protein synthesis, which is required to provide for the increased membrane turnover involved in the secretory process (Friedman and Cardell, 1972) . In contrast to its effect on secretion, inhibition of protein synthesis did not prevent the enhancement of 5-HT biosynthesis, which was also induced by increasing intracellular CAMP. In fact, inhibition of protein synthesis by itself increased the production of 5-HT. The mechanism of this effect is obscure. The concentration of L-tryptophan in the ambient medium in which the cells were grown (20 PM) is less than the Kd of tryptophan hydroxylase (50 PM); therefore, the enzyme is probably not saturated by substrate under resting conditions. As a result, the rate of synthesis of 5-HT could be raised by interventions that lead to an increase in the cytoplasmic concentration of L-tryptophan. Conceivably, inhibition of protein synthesis increases the concentration of L-tryptophan available for tryptophan hydroxylase by sparing substrate that might otherwise be incorporated into protein. Whatever the mechanism, the failure of cycloheximide and anisomycin to interfere with the CAMPinduced increase in 5-HT biosynthesis, while at the same time antagonizing secretion of the amine, suggests that the biosynthesis and secretion of 5-HT are separately regulated. Because the CAMP-induced increase in the biosynthesis of 5-HT continued in the face of inhibition of protein synthesis, it is unlikely that this effect is due to an increase in the amount of tryptophan hydroxylase in the MTC cells. Activation of preexisting tryptophan hydroxylase or increased availability of L-tryptophan might be responsible. Tryptophan hydroxylase has been shown to be phosphorylated in response to dibutyryl-CAMP, an effect that increases its catalytic activity (Hamon et al., 1978) . Phosphorylation of tryptophan hydroxylase has also been shown to be mediated by calcium calmodulin-dependent protein kinase (Ehret et al., 1989) . Given that the effect of CAMP on the secretion and biosynthesis of 5-HT is Ca2+ dependent, it is certainly possible that the CAMP-induced increase in biosynthesis of 5-HT is mediated via calcium calmodulin. Increasing intracellular levels of CAMP have also been shown to increase the biosynthesis of calcitonin (deBustros et al., 1986) . In contrast to the effect on 5-HT biosynthesis, the effect of CAMP on calcitonin production is entirely accounted for by a stimulation of the rate of transcription of calcitonin mRNA.
In addition to increased [K+] , and the natural secretogogues, TSH and elevated [Ca2+le, phorbol esters have been reported to be capable of inducing MTC cells to secrete (deBustros et al., 1986) . Thus far, phorbol esters have only been demonstrated to provoke calcitonin secretion; however, because 5-HT and calcitonin are stored in the same secretory vesicles, it is likely that phorbol esters would cause 5-HT to be secreted along with calcitonin. MTC cells, therefore, would appear to have multiple transduction mechanisms leading to secretion. The involvement of CAMP provides evidence that secretion is facilitated by CAMPdependent protein kinase, and the reported action of phorbol esters supports a role in secretion for protein kinase C. In addition, the current observations suggesting that CaZ+ might act as a second messenger in stimulus-release coupling is compatible with the idea that secretion may also be enhanced by a calcium/ calmodulin-dependent protein kinase. The actions of each of these kinases should therefore be investigated in future studies.
